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Edited by Miguel De la RosaAbstract b-Lactoglobulin is a predominantly b-sheet protein
that folds by forming excess a-helices within milliseconds. In this
study, the refolding of b-lactoglobulin was dramatically deceler-
ated by entrapping in wet nanoporous silica gel matrices, and
monitored on a time scale of minutes or hours by far-UV circular
dichroism spectroscopy. Analysis of kinetics and transient spec-
tra allowed to deﬁne the sequence of folding events that consist of
a-helical formation, b-sheet core formation, and a-to-b transi-
tion. The results suggest that the initially formed a-helices, pre-
sumably including the native a-helix, help to guide the formation
of the adjacent b-sheet core.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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An understanding of the mechanism of protein folding re-
quires a detailed analysis of transient intermediate species
formed during folding. However, such intermediates are diﬃ-
cult to characterize by bulk solution methods, because they
are usually formed within the dead time of conventional rapid
mixing experiments [1]. In an eﬀort to overcome this problem,
we have investigated the use of sol–gel entrapment of proteins
within wet, optical transparent, porous silica gels in conjunc-
tion with spectroscopic techniques. Most signiﬁcantly, sol–gel
entrapment has been shown to dramatically decelerate large-
scale protein motions by a factor of 105–1010, while the
entrapped protein molecules are solvated and retain their
properties in solution [2–4]. Although the physical basis of this
deceleration eﬀect remains under investigation, recent experi-
mental and theoretical results strongly suggest an indirect
mechanism in which the gel matrix could inﬂuence the protein
dynamics by aﬀecting the dynamics of the surrounding water
[5–7]. Large-scale protein motions proceed in a large number
of elementary steps, each controlled by the solvent ﬂuctua-
tions, and thus can be slowed down by a large factor.
b-Lactoglobulin is a predominantly b-sheet protein, consist-
ing of nine anti-parallel b-strands and one major a-helix at theAbbreviations:CD, circular dichroism;GuHCl, guanidine hydrochloride
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doi:10.1016/j.febslet.2008.06.047C-terminus of the molecule [8]. This protein has a markedly
high helical propensity [9] and folds by forming excess a-heli-
ces that are later converted into b-structure [10–13]. Thus, b-
lactoglobulin has been extensively studied as a useful model
for clarifying the mechanism of the a-to-b transition. However,
direct information on the a-helical intermediate is still insuﬃ-
cient, essentially because of the limit in the time resolution of
conventional stopped-ﬂow devices. In this study, to gain in-
sight into the early folding events in b-lactoglobulin, the
refolding was decelerated by entrapping in wet silica gels,
and the secondary structural changes occurring at the early
folding stages were monitored by far-UV circular dichroism
(CD) spectroscopy.2. Materials and methods
2.1. Sol–gel entrapment
The silica sol was synthesized from tetramethylorthosilicate (Tokyo
Kasei) as described previously [14]. Sol–gel entrapment of bovine
b-lactoglobulin A (Sigma) was carried out according to the method
for cytochrome c [4], except for using 0.05 M 2-aminoethonol-HCl
buﬀer (pH 10.7) as a gelation buﬀer to prevent dimerization [15]
(see ‘‘Supplementary data’’). The thickness of each sample was deter-
mined spectrophotometrically, taking into account the concentration
of the initial protein stock solution and the molar extinction
coeﬃcient, e = 17550 M1 cm1 [16]. The typical thickness was
0.05–0.10 mm. Note that, since the aging process strengthens the sil-
ica network by further condensation [17], the degrees of conforma-
tional constraint on the entrapped proteins are dependent on the
time of aging [4]. In this study, we chose an aging time of 4 h, which
allows to decelerate the folding of b-lactoglobulin to an appropriate
speed.
2.2. CD measurements
CD measurements were carried out using a JASCO J-600 spectropo-
larimeter equipped with a Peltier element for temperature control. All
the measurements were carried out at 20 C. The CD kinetics at 220
nm were recorded every 2 s, with a 2 nm bandwidth and a 2 s response
time. The CD spectra from 200 to 250 nm were collected every 0.2 nm
with a 2 nm bandwidth, a 2 s response time, and a scan speed of 20 nm/
min.2.3. Equilibrium unfolding
The samples aged 4 h were immersed at 20 C in bathing solutions
with diﬀerent concentrations of guanidine hydrochloride (GuHCl),
which were prepared by mixing appropriate ratios of the unfolding
buﬀer (0.05 M potassium phosphate at pH 4.2 with 6.0 M GuHCl)
and refolding buﬀer (1 M KH2PO4 at pH 4.2). The unfolding equilib-
ria were quantiﬁed by the stable value of the ellipticity at 220 nm.
The time needed to reach equilibrium varied from 2 min to 1 h,
depending on the concentration of GuHCl: the closer the GuHCl
concentration is to the transition midpoint, the longer the equilibra-
tion time.blished by Elsevier B.V. All rights reserved.
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The aged samples were equilibrated with the unfolding buﬀer
(0.05 M potassium phosphate at pH 4.2 with 6.0 M GuHCl) for at
least 5 min before the refolding measurements. Refolding of GuHCl-
denatured b-lactoglobulin in silica gels was triggered by simple immer-
sion in 3.5 ml of the refolding buﬀer (1 M KH2PO4 at pH 4.2) at 20 C.
To determine the dead time of the refolding (i.e., the necessary diﬀu-
sion time of reducing the GuHCl concentration inside the gel to which
b-lactoglobulin can fold), we carried out the following control experi-
ment: a protein-free silica gel sheet of 0.1 mm thickness prepared as
previously reported [4] was equilibrated with the unfolding buﬀer (con-
taining 6 M GuHCl) at 20 C. Then, after immersion in the refolding
buﬀer at 20 C, the decay of GuHCl absorbance at 207.5 nm of the sil-Fig. 1. GuHCl-induced unfolding of b-lactoglobulin in silica gels at
20 C. (A)Theunfolding transitioncurvemonitoredby theCDellipticity
at 220 nm as a function of GuHCl concentration. The solid line
represents the ﬁt of the data to the standard two-state model assuming
linear dependence of the free energy of unfolding (DG) on the GuHCl
concentration (c): DG = DG0  mc = m(cm  c); cm = 2.7(±0.5) M; m =
3.7(±0.6) kcal mol1 M1; DG0 = 10(±2) kcal mol1, where cm is the
midpoint concentration, m is the slope, and DG0 is the unfolding free
energy in the absence of denaturant. (B) Far-UV CD spectra of
b-lactoglobulin in solution and in silica gels. Closed circles represent
the spectrum of b-lactoglobulin in the silica gel equilibrated with 1 M
KH2PO4 at pH 4.2. Closed squares represents the spectrum of b-lacto-
globulin in the silica gel equilibrated with the unfolding buﬀer (0.05 M
potassiumphosphateat pH4.2with6.0 MGuHCl).The solidanddotted
lines represent the solution-phase spectra of native and unfolded
b-lactoglobulin, respectively. Note that the solution spectrum of native
b-lactoglobulin was measured in 0.02 M HCl to avoid dimerization
[11,15].ica gel was monitored as a function of time. The GuHCl concentration
at 10 and 40 s after changing the bathing solution decreases to 1.6 and
0.31 M, respectively. Because b-lactoglobulin in silica gels can fully
fold even in the presence of 1.6 M GuHCl (see Fig. 1A), and because
the diﬀusion time is proportional to the square of the ﬁlm thickness,
we have followed the refolding of b-lactoglobulin in a 0.10 mm silica
gel from 10 s after changing the bathing solution, and from 3 s when
using a 0.05 mm silica gel.
The early folding kinetics in the time frame of 6–100 s was ﬁtted to a
single exponential function. The transient CD spectra between 200 and
250 nm at the time points from 65 to 3.4 · 105 s of refolding were glob-
ally ﬁt to a sequential three-state model using the SPECFIT (Ver.
3.0.37, Spectrum Software Associates).3. Results and discussion
The transition curve for the unfolding of b-lactoglobulin in
silica gels by GuHCl was determined by measuring the depen-
dence of the CD ellipticity at 220 nm on GuHCl concentration
(Fig. 1A). As shown in Fig. 1A, the unfolding transition occurs
in a narrow GuHCl concentration range with a transition mid-
point of 2.7(±0.5) M. Although solution equilibrium data are
diﬃcult to obtain under the same conditions (due to oligomer-
ization and aggregation), a comparison with the most compa-
rable solution data obtained at pH 3.2 and 4.5 C [10] indicates
that neither the transition midpoint (i.e., 2.95(±0.05) M in
solution and 2.7(±0.5) M in silica gels) nor the unfolding free
energy (i.e., 11(±4) kcal mol1 in solution and 10(±2) kcal
mol1 in silica gels) is signiﬁcantly aﬀected by gel entrapment.
Based on the data in Fig. 1A, the protein was completely un-
folded by immersion in the unfolding buﬀer (0.05 M potassium
phosphate at pH 4.2 with 6.0 M GuHCl) before the refolding
experiments. Under these conditions, the unfolding equilib-
rium was reached within 5 min, which was ascertained by the
stable value of the ellipticity at 220 nm. As shown in Fig.
1B, the far-UV CD spectra of both the native (N) and unfolded
(U) protein in silica gels are very similar to the corresponding
solution spectra, indicating that gel entrapment does not cause
appreciable changes in the secondary structure of the protein.
The refolding of b-lactoglobulin in silica gels was initiated by
a jump in GuHCl-concentration from 6.0 to 0 M. Note that
the porous silica gels allow nearly free diﬀusion of small mol-
ecules between the bathing solution and the proteins. Thus, as
long as suﬃciently thin (e.g., <0.1 mm) gels are used, it is pos-
sible to reduce the GuHCl-concentration inside the gels within
a time scale much shorter than the folding time (see details in
Section 2). Representative transient CD spectra observed at
20 C during refolding are presented in Fig. 2A, and the corre-
sponding time course monitored at 220 nm is shown in Fig.
3A. Analysis of kinetic and transient spectral indicates that
the protein folds through a sequence pathway depicted by
the following scheme:
U ! U 0 ! I1 ! I2 ! N 0ð! NÞ
This scheme includes: (i) conformational shift of the unfolded
ensemble from high denaturant (U) to low denaturant concen-
tration (U 0), (ii) formation of an excess a-helical intermediate,
I1, (iii) accumulation of another intermediate, I2, which con-
tains some native b-sheet core but retains excess a-helices,
(iv) conversion of non-native a-helices into b-sheet structure,
leading to a native-like secondary structure intermediate, N 0,
and (v) the ﬁnal (rate-limiting) step in the acquisition of the
native structure N (this last process was too slow to observe
Fig. 2. Transient far-UV CD spectra during the refolding of
GuHCl-denatured b-lactoglobulin at pH 4.2 (20 C) in wet silica
gels 0.05 mm in thickness. (A) Representative transient far-UV CD
spectra after a GuHCl-concentration jump from 6.0 to 0 M. For
clarity, only 8 of the 21 time points are displayed. (B) Comparison
of the best-ﬁt CD spectra for I1, I2 and N
0. A set of 21 transient CD
spectra in the time frame of 65–3.4 · 105 s were globally ﬁt to a
three-state model (I1ﬁ I2ﬁ N 0). The inset shows diﬀerence spectra
between each species. (C) Population of each species as a function
of time.
Fig. 3. Representative time course of the CD ellipticity at 220 nm
during the refolding of GuHCl-denatured b-lactoglobulin at pH 4.2
(20 C) in wet silica gels 0.06 mm in thickness. (A) The entire time
course of refolding after a GuHCl-concentration jump from 6.0 to
0 M, plotted on a logarithmic time scale. The solid line represents the
ﬁt of the data to three exponentials with rate constants of (8.2 ± 0.5) ·
102 s1, (1.0 ± 0.2) · 104 s1, and (8.0 ± 0.1) · 106 s1. (B) The
initial time course during 0–100 s of refolding. The solid line represents
the ﬁt of the data to a single exponential with a rate constant of
(8.2 ± 0.5) · 102 s1. The dotted lines in panels A and B indicate the
level for the unfolded state at 6 M GuHCl.
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trally distinguishable a-helical intermediates, I1 and I2, is rein-
forced by the fact that the transient CD spectra in the time
frame of 65–3.4 · 105 s can be globally ﬁt to a sequential
three-state model (I1ﬁ I2ﬁ N 0). The best-ﬁt CD spectra for
I1, I2 and N
0 are shown in Fig. 2B, along with the diﬀerence
spectra between each species (Fig. 2B, inset). The time evolu-
tion of each component is shown in Fig. 2C. It should be noted
that a parallel folding scheme may also explain our results, in
which the middle and slow phases correspond to the indepen-
dent formation of N 0 from two parallel intermediates
(U 0 ﬁ I1ﬁ N 0, U 0 ﬁ I2ﬁ N 0). Future investigation, such as
unfolding analysis after various times of refolding, might
determine whether the model proposed in this study is indeed
the best model.
The folding began with the sharp drop of the negative ellip-
ticity at 220 nm beyond the native level, leading to the forma-
Table 1
Comparison of the early refolding kinetics of GuHCl-denatured b-lactoglobulin in solution and entrapped in wet silica gels
Environment Probe Rate constant (s1, upper), amplitude (deg cm2 dmol1, middle), and major folding event (lower)
Uﬁ U0 (Burst phase) U0 ﬁ I1 I1ﬁ I2 I2ﬁ N 0 N0 ﬁ N
Silica gel CD at 220 nm N.D.a (8.2 ± 0.5) · 102 (1.0 ± 0.2) · 104 (8.0 ± 0.1) · 106 N.D.
(pH 4.2, 20 C) 2180 (2580 ± 330)b 3900 ± 190 918 ± 83 2550 ± 140
a-Helical formation b-Sheet core formation a-to-b Transition
Burst phase Fast Middle Slow
Solutionc CD at 221 nm N.D. 8.5 ± 3.2 0.40 ± 0.17 0.013 ± 0.012
(pH 3.2, 4.5 C) 8650d 1830 ± 505 885 ± 158 415 ± 129
a-Helical formation and the formation of b-sheet coree a-to-b Transition
aNot determined.
bThe values in parentheses are estimated from equilibrium data in Fig. 1A.
cData from [10].
dEstimated from Fig. 1A in [10].
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As shown in Fig. 3B, the time course during the initial 100 s
can be well ﬁtted by a single exponential function with a time
constant of 12 s. The extrapolated value of the ellipticity to
zero time is signiﬁcantly lower than the value for the unfolded
state at 6 M GuHCl, suggesting the presence of a burst phase
occurring within the dead time of refolding experiments. How-
ever, this signal change may be due simply to a conformational
shift of the unfolded ensemble upon lowering the GuHCl con-
centration (Uﬁ U 0), since the amplitude of this burst phase is
comparable to the ellipticity change extrapolated from the un-
folded baseline from 6 to 0 M (Fig. 1A and Table 1).
The I1 formation was followed by a further slight decrease in
the ellipticity at 220 nm (Fig. 3A), leading to the accumulation
of I2 on a time scale of hours (Fig. 2B and C). Interestingly, the
I2 minus I1 diﬀerence spectrum mainly reﬂects a transition
from random coil to b-sheet structure, characterized by the
negative CD band around 215 nm and the large positive band
below 210 nm (Fig. 2B, inset), implying that I2 contains some
b-sheet core, with the retention of a-helices as much as I1. This
ﬁnding appears to suggest that the initially formed a-helices,
presumably including the major a-helix [13], help to guide
the formation of the adjacent b-sheet core, which has been
shown to exist in the burst-phase intermediate in solution by
hydrogen exchange studies [12,13]. As seen from the data in
Table 1, it is expected that I2 may correspond to the burst-
phase intermediate in solution, because both contain some b-
sheet core [12,13] and show more intense CD ellipticity signals
around 220 nm than the native state [10–12], although the
ellipticity at 220 nm of the burst-phase intermediate is approx-
imately 20% more intense than that of I2.
It is important to note that the retention of a-helices on this
time scale is further supported by the fact that the CD spec-
trum seen in Fig. 2A at 5 h is very similar in shape and ampli-
tude to that of the equilibrium folding intermediate of equine
b-lactoglobulin at an acidic pH, in which the existence and
location of a-helices have been deﬁned by proline scanning
mutagenesis and hydrogen exchange studies [18,19]. These pre-
vious studies have also shown that, in the equilibrium interme-
diate at an acidic pH, a b-sheet structure is formed in the
region corresponding to the F and G strands while a non-na-
tive a-helix is formed in the region corresponding to the Hstrand [19], suggesting that the b-sheet core formed in I2 is
likely to consist of the F and G strands.
Then, I2 was transformed into a native-like secondary struc-
ture intermediate, N 0, on a time scale of days (Figs. 2B and
3A). As expected, the N 0 minus I2 diﬀerence spectrum reﬂects
an a-to-b transition, characterized by the negative CD band
in the 210–215 nm region and the positive CD band around
220 nm (Fig. 2B, inset). As judged from the relatively large
negative amplitude of the I2ﬁ N 0 phase (Table 1), it may cor-
respond to the ﬁrst or ﬁrst and second kinetic phases observed
in solution [10–12].
The CD spectrum of N 0 is similar but not completely identi-
cal to that of the equilibrium native state, N (Fig. 2B), suggest-
ing the existence of a slower process or processes. Solution CD
studies indeed indicate that the ﬁnal stages of folding of b-lac-
toglobulin involve multiple phases extending out to several
minutes, which are accompanied by a slight change in the
far-UV CD spectrum (see Table 1).
In conclusion, our results demonstrate that the gel entrap-
ment causes a dramatic deceleration of b-lactoglobulin folding,
while virtually unaﬀecting the equilibrium properties in solu-
tion. This method combined with CD spectroscopy allows
analysis of secondary structural changes that occur at the early
stages of refolding. The formation of excess a-helices and na-
tive-like b-sheet core is a common landmark on the folding
pathways in solution and in silica gels. This fact may be taken
as an indication that the gel entrapment does not signiﬁcantly
perturb the major folding pathway of b-lactoglobulin,
although further studies are required for the full understanding
of the eﬀect of the gel entrapment on the folding energy land-
scapes of proteins.
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